Introduction
The possible occurrence, origin, and role of formic acid in alcoholic fermentation has been a particularly controversial subject. KRUIS and RAYMAN (26) observed formic acid in fermented liquids and attributed it to a direct action of air upon some constituent of the wort. The majority of the investigators who have observed the presence of this acid in fermented liquids, however, believed it to play some role in the fermentations of sugar by yeast. Among these were LIEBERAMANN (27) , KITICSAN (23) , DUCLAUX (5) , KHOUDABACHIAN (22) , THOMAS (37) , FRANZEN and STEPPUHN (16, 17) , KOSTYCHEV (25) , ESAU (9) , and JOSLYN and DUNN (20) . Formic acid or formate utilization by yeasts has also been reported by DUCLAUX (5), THOMAS (37) , FRANZEN and STEPPUHN (16, 17) , FRANZEN (14) , and NEU-BERG and TIR (30). On the other hand, PAKES and JOLLYMAN (33) failed to detect any formate utilization by yeasts. Formate utilization by bacteria has been well established by OMELIANSKY (31) , FRANZEN et al. (12, 13, 15) , GREY (18) , anid PAKES and JOLLYMAN (33) .
DUCLAUX (5) suggested that yeasts produced formic acid when grown under unfavorable environmuental conditions. Formic acid was considered as an intermediate in alcoholic fermentation according to a theory developed by WOHL (44) and extended by SCHADE (34) . EHRLICH (7, 8) favored the WOHL-SCHADE hypothesis, although he suggested that formic acid could be obtained from amino acids, ammonia, and also an aldehyde of the next lower acid in the particular series being formed. L6IB (8) objected to SCHADE'S hypothesis on the basis that the latter's reactions occur under entirely different chemical conditions than are required for alcoholic fermentation. FRANZEN and STEPPUHN (16) reported that there was initially a slight accumulation of formic acid and subsequently a decrease in media containiingr formates. This, however, does not constitute evidence, as they believed, for its role as intermediate in alcoholic fermentation (10) . NEUBERG and KERB (29) testing the SCHADE hypothesis, failed to obtain alcohol from mixtures of formates, acetaldehyde, and yeast. KOSTYCHEV (25) did not regard formic acid as a fermentation product, but rather as a product of endogenous metabolism of the cell. THOMAS (37) inclined toward the view that the production of formic acid is intimately bound up with the breakdown of sugar but OPPENHEIMER (32) Tall eight-liter bottles fitted with sampling tubes, were filled with six liters of Thompson Seedless grape juice having 116 milli-mols total reducing sugar (as dextrose), 0.12 milli-equivalents total volatile acid, and 0.08 milliequivalents formic acid per 100 ml.; the pH was 3.67. Samples of approximately 100 ml. were withdrawn at intervals, determined by the relative rate of fermentation, over a total period of 75 days (table I). The yeasts were removed from the samples by centrifuging, and they were then frozen and stored at -180 C. until analyses could be made. When the last sample had been withdrawn, the yeast sediment was examined microscopically. In addition dilution plates and streak plates were made on suitable media to verify the purity of the cultures. No contaminants were found.
The data obtained for two of the yeasts, 66 and Champagne, are summarized in table I. The rapid rise in total volatile acidity during the fermentation of the first half of the sugar is in agreement with the results reported in a previous paper (20) . Individual differences as to total amount and relative rate of formation occurred among the seven strains, but the general trend was similar for all the strains. A study of the formic acid data reveals that, except possibly in the initial stages of fermentation, there was little, if any, accumulation of formic acid. In order to determine whether the substance from the initial medium which caused the precipitation of calomel was actually formic acid, an ether extract was tested with cerous nitrate (1, 24) and characteristic crystals were formed, indlicating that formic acid was present. The quantities of formic acid present in the medium at the various stages fluctuated somewhat irregularly, especially at the begrinning of fermentation. This may have been due to a variety of causes, among which sampling error, analytical error, or physiological ac-PLANT PIIYSIOLOGY The pH of the artificial medium dropped rapidly and continuously from near pH 4.0 to somewhat below pH 3.0; that of the grape medium remained nearly constant (about 3.5). Total volatile acid production was considerably higher in the artificial medium than in the grape medium. Its rate of accumulation was lower but this may be correlated with a lower rate of sugar utilization. Here, as in the grape medium, most of the volatile acidity had accumulated when the sugar content had been reduced to half.
The formic acid data in table II and figure 1 show that the initial artificial medium contained more formic acid than was present at any subse- In order to determine what effect, if any, carbon source and nitrogen source had upon formic acid formation several natural and artificial media were fermented for one month with three of the strains of yeast (numbers 66, 2368, and Champagne). The natural media were white and red grape juice, diluted white grape concentrate, and wort. For the artificial media, the basic medium was modified. In one series the carbon source was always 200 grams of cerelose per liter and the nitrogen source was varied so that the total amount of nitrogen added was always the same. In another series the nitrogen source was always three grams of ammonium sulphate per liter and the carbon source was varied, always using, 200 grams per liter of the respective sugar. The formic acid contenits of the final samples of these fermentations, one month after inoculation, ranged from 0.0 to 0.19 milliequivalents per 100 ml. With the exception of the ,B-alanine, cerelose, and red grape juice fermentations the formic acid contained in these final media was negligible (0.01 to 0.06 milli-equivalents per 100 ml.). In ,-alanine the final amount of formic acid was almost identical with that initially present. This is probably due to the failure of the yeasts to ferment in this medium, and indicates that formic acid is normally utilized to a greater extent than it is produced in active fermentation. In red grape juice the final quantities of formic acid were somewhat higher than in the other media, (averaging 0.15 milli-equivalents per 100 ml.). This was close to the initial amount present.
THOMAS (38) , while believing that formic acid was formed from sugrar, found that its accumulation was considerably increased in media containing amides. In these experiments, the only amide used was asparagine and the results with it do not show any such relationship.
FORMIC ACID UTILIZATION
The evidence from previous experiments indicated that any formic acid which might have been formed by these yeasts was destroyed almost as rapidly as it was formed. If there was aniy accumulation of it in the media it occurred very early in the course of fermentation and was followed by more or less complete destruction. Since the quantities of formic acid found were small in any of the media, further experimental evidence was required to determine whether this acid was actually destroyed by these yeasts. Therefore, a series of media was prepared having the following compositions:
( These data show that there was no significant utilization of formic acid in the absence of sugar. In the presence of sugar there was evidence for slight utilization by all three strains studied. THOMAS (39) also observed that yeast press juice can ferment formate only in the presence of sugar.
The effect of formic acid in the medium upon total volatile acid formed, i.e., upon acetic acid formation, is of interest. With yeast 66 in the presence of formic acid, acetic acid formation was markedly suppressed; only a little over ten per cent. of the amount formed in the control experiments was found. With Champagne yeast only about sixty per cent. as much acetic acid was formed in the presence of formic acid as in its absence. With yeast 2368, on the other hand, there was no inhibition of acetic acid formation by formic acid. The BRIx degrees of these same samples show that this inhibition was not due to a general retardation of fermentation, but rather to a physiological difference among the strains of yeast.
EFFECT OF OXYGEN SUPPLY AND PH UPON FORMIC ACID FORMATION
In order to obtain some information on the effect of oxygen supply upon formic acid formation, fermentations of the artificial medium were conducted in the presence of a limited oxygen supply; i.e., in cotton-plugged liter bottles, and under CO2 pressures (using mercury bungs on the fermentation bottles). After the fermentations had been allowed to go on for eight weeks the samples were analyzed. The total volatile acidity was about ten per cent. higher in the fermentations conducted in the presence of a limited oxygen supply than in the corresponding ones conducted under carbon dioxide pressure. In the former the amounts formed ranged from 1.71 to 2.37 milli-equivalents per 100 ml., while in the latter they ranged from 1.36 to 2.25. There was no net formation of formic acid in this experiment since the final media all contained less than the initial medium.
In all the experiments thus far discussed, the presence of formic acid in the original media obscured the results on formic acid formation. Small quantities of formic acid occurred normally in pasteurized grape juice and also in the yeast juice used as a growth stimulant in the artificial media. It was then found possible to prepare an artificial medium free of formic acid by replacing the yeast juice with a rice bran concentrate (Galen's Vitamin B concentrate). Duplicate lots of this medium were adjusted to pH 2.5, and pH 6.7 with phosphate buffers. The control media had an initial pH of 4.8. Two fermentations of the control medium were provided with mercury bungs, two were cotton stoppered, and two were aerated by attaching them to a water aspirator and filtering the ilncoming air through sterile cotton. Yeast 66 was the only organism used in these experiments. The results of this experiment are summarized in table IV. They show that no formic acid was formed in these media except in the medium having an initial pH of 2.5; in this 0.08 milli-equivalents per 100 ml. were found. Although the quantities of formic acid found by ESAU (9) to be formed by yeast 66 were three or four times as great as the quantities formed in these experiments, the results are in agreement in that more of the acid was formed in a medium at a low pH than at a high pH. (9) which had given higher formic acid yields than those observed by us, had contained this nitrogen source. Dihydroxyacetone and pyruvic acid or pyruvate were chosen because they appeared to be the most logical three carbon precursors of formic acid. All these media were inoculated in duplicate with yeast 66, in eight-ounce bottles containing 150 ml. of medium both with cotton stopper and with mercury fermentation bungs. Another set of duplicate fermentations for each respective substance was made by allowing the control medium to ferment to approximatelv half its original sugar content, and then adding an appropriate amount of the respective substance aseptically. Each substance was tested both in the presence and absence of sugar. All these media were allowed to ferment for one month and were then analyzed for formic acid, total volatile acid, and pH. No formic acid was found to be formed from any of these precursors. Tannic acid and tannin in the medium appeared to interfere with the mercury procedure of formic acid determination by giving a precipitate, but more of this precipitate was found in the initial media than in the final fermented samples. This might explain the high results obtained on red grape juice media.
The majority of the experiments thus far discussed have indicated that no formic acid is present in the final completely fermented medium. It was thus still desirable to explain why the earlier investigators including ESAU (9) and JOSLYN and DUNN (20) , who had used the same strains of yeast in pure culture, had been able to report from 0.35 to 1.06 milli-equivalents of formic acid per 100 ml. of medium, while the amounts found in the final media of any of our present experiments had ranged from 0 to 0.18 milliequivalents. It seemed possible that differences in method of determination might help to explain these differences in results. These other investigators had used the DYER (6) distillation procedure for their formic acid determinations. The that except for sample no. 1, which was unfermented grape juice, the DYER procedure gave considerably higher results for formic acid than did the mercury-precipitation method.
The presence of lactic acid in the original prepared distillate was thought to be responsible for these low values since lactic acid would decrease the distillation conistant. Lactic acid was known to be present in the samples which were beina studied, and measurable quantities of lactic acid are known to be carried over by entrainment in the steam distillate used for volatile acid determinations (34) . It was found that the lactic acid, when present with acetic acid, in the same relative concentrations as were contained in our samples, decreased the distillation constants sufficiently to account for the, high "apparent" formic acid values. The last column in table V, which gives the lactic acid contents of the respective samples, indicates that the sample containing lactic acid showed the greatest discrepancy between the formic acid found by the two methods. There was no quantitative correlation, however, between the concentration of lactic acid present and the magnitude of the discrepancy. Samples low in volatile acid content and relatively high in lactic acid content apparently cannot be accurately assayed by the DYER distillation method.
It may be concluded that formic acid is not a final by-product of alcoholic fermentation of sugar by these strains of wine yeasts. Data on formic acid content obtained by the current procedures when unconfirmed by specific qualitative tests are not significant. Summary 1. The formation of formic acid in the fermentation of natural and artificial media was investigated under various conditions.
